Abstract. This is a report on fluctuation measurements using twin heavy ion beam probes in CHS. The observation shows that a dozen of coherent modes with intermittent nature coexist in an electron cyclotron heated plasma. The modes are found to have long-distance correlation in toroidal direction. The radial structure of the modes are evaluated in potential fluctuation. The characteristics are not in contradictory with geodesic acoustic modes.
Introduction
Research on magnetically confined plasmas has revealed that turbulence is a key to control cross-field transport and determine the structure of toroidal plasmas [1, 2, 3] . The causes of improved confinement modes or transport barriers following the discovery of H-mode [4] can be ascribed to the formation of radial electric field shear that should suppress the turbulence and the resultant transport. Then, the plasma transport is conventionally tried to be understood in the framework of relations between two major elements, i. e., turbulence and mean radial electric field [5] .
In addition to the two elements, recent development of theories and direct nonlinear simulations have suggested that zonal flow, mesoscopic structure of radial electric field, should be another element essential to explain plasma transport [6] . The zonal flows are generated from nonlinear interactions with turbulence, and the energy transfer from turbulence to zonal flows is one of the mechanisms to determine the saturation level of turbulence and resultant transport.
In toroidal plasma, the zonal flows emerge in electric field fluctuation symmetric (m = n = 0) on magnetic flux surface with finite radial wave numbers [7, 8] . Zonal flows are classified to two categories; one is a stationary branch characterized with slowly varying time-dependent ripple structure, and the other is a coherent oscillatory branch, Geodestic Acoustic Modes (GAM) [9, 10, 11, 12] . Recent CHS experiments confirmed the existence of stationary branch of zonal flow in direct measurements of radial electric field fluctuation using twin heavy ion beam probes (HIBP) [13, 14] , while coherent oscillations, probably GAMs, have been reported in many experiments [15, 16, 17, 18, 19, 20] .
In the previous article of CHS, the presence of a coherent frequency mode at 16.7 kHz was briefly reported together with identification of the stationary zonal flows. The article presents the recent progress in the study of such coherent modes. The HIBPs detect coexistence of a dozen of coherent modes in the electron cyclotron resonance heated (ECRH) plasmas with a rather low density. Detailed analysis including an estimate of radial profiles of the modes shows that some of the modes are localized around the observation point, while the others sensed as path integrated fluctuations are somewhere along the beam orbit. The modes exhibit intermittent density and potential fluctuations that are well correlated with each other. The measurement of electric field fluctuation confirms that the modes have long-distance correlation between twin toroidal locations.
Compact Helical System and Heavy Ion Beam Probes

CHS and HIBPs
Compact Helical System (CHS) is a toroidal helical device of which the major and averaged minor radii are R = 1 m and a = 0.2 m, respectively. A pair of helical coils generates the confinement magnetic field that has m=2 and n=8 symmetry in poloidal and toroidal direction, respectively. Four pairs of poloidal field coils are equipped to control magnetic axis and to shape magnetic field cage, such as ellipticity and triangularity. Two neutral beam injection (NBI) systems and two gyrotrons are used as heating apparatus. Combination of these heating methods allows a wide choice of plasma parameters. CHS has two HIBPs located in different toroidal positions 90
• apart. Each of the HIBPs is equipped with three channels to observe the adjacent spatial points of the plasma. The HIBP systems allow us to investigate local and global characteristics of turbulence.
Principles of HIBP measurements
Heavy ion beam probe is a synthetic diagnostics to measure local density, potential, and their fluctuations simultaneously [21, 22] . In the diagnostics, accelerated cesium beams of a singly ionized state are injected into the plasma. Doubly ionized beams produced through electron impact collisions in the plasma are detected with an energy analyzer. The energy difference between the injected and detected beams corresponds to the plasma potential at the ionization point. where S 1 and S 2 are the ionization rates from singly charged and doubly charged ions to the higher charged ones, respectively. In a sufficiently low density plasma, the second and third terms can be neglected and the fluctuation should reflect local density fluctuation. The potential at the neighboring observation point δφ(r − δr) is considered to be equivalent to δφ path , therefore, the local fluctuation or electric field fluctuation can be evaluated from the combination of δφ(r) − δφ(r − δr) = δφ local , that is, potential difference between two of the three local channels.
Coherent Modes in Electric Field Spectra
Experimental Conditions
The target plasma is produced with electron cyclotron resonance (ECR) heating of ∼ 200 kW, to measure purely electrostatic fluctuation with avoiding magnetohydro-dynamic (MHD) behavior. The chosen plasma parameters were, magnetic field strength B = 0.88 T, density n e 4 × 10 12 cm −3 , electron temperature T e 1 keV, and ion temperature T i 0.1 keV.
The twin HIBPs measurement was performed using cesium beam. The necessary beam energy is ∼70 keV for the experimental condition of the magnetic field strength. In this experimental condition, a good signal-to-noise ratio is obtained at the radial position of r = 12 cm or at the normalized minor radius ρ ∼ 0.6, where the detected beam current takes the maximum. In addition, the position is usually free from the transition phenomenon, and provides a better condition in reproducibility.
Global characteristics of the turbulence can be inferred from the twin HIBP measurements. The observation point of an HIBP is changed to survey the structure of coherent modes, while the observation point of an HIBP is fixed at r = 12 cm to monitor variation of the mode intensity between discharges. The observation point was varied in every 1 mm within ±2cm around r 12 cm. Figure 1 shows power spectra of density, potential and electric field fluctuations at the position of r = 12 cm in the frequency range from 5 to 100 kHz. Here, the normalized density fluctuation defined as δn/n is displayed, where n is the temporal average of local density. The plotted spectra are the ensemble averages of more than forty shots, and elemental spectra are evaluated as the averages of ∼ 2 ms windows in a stationary period of ∼ 40 ms in a discharge duration of ∼ 100ms. A spectrum of a window including 2 10 digital data is calculated using the Fast Fourier Transform (FFT) technique to give a frequency resolution of ∼ 0.48 kHz. The Nyguist frequency is 250 kHz for 2 µs sampling.
Spectra and Local Fluctuation Characteristics
Several peaks are found to be superposed on broad-band spectra in both density and potential fluctuations; for density fluctuation the peaks are at the frequencies of 8, 16, 23, 35, 44, 50 and 125 kHz, while 8, 16, 18, 23, 29, 35, 44, 50 and 125 kHz for potential fluctuation. The spectrum of electric field fluctuation also shows peaks, however, the number of the countable peaks is reduced compared to that in the density and potential fluctuations. Since the density and potential fluctuations suffer from the path-integral fluctuations, the absence of the peaks in electric field fluctuation indicates that the corresponding modes should be localized somewhere along the beam orbit. On the other hand, the modes of the peak frequencies at 8, 16, 18, 35 and 50 kHz are localized around r = 12 cm. The noise level is plotted in the figures, and it is obvious that the noise level is sufficiently low to deduce the power of the coherent modes, even in the power of electric field fluctuation.
Local Dynamics of Coherent Modes
Simultaneous measurement shows that density and potential fluctuations are wellcorrelated at the frequency of the modes. Figure 2 illustrates coherence between density and potential fluctuations at the observation radius. In the frequency range from 20 to 100 kHz, the coherence shows significant value up to ∼ 0.6 indicating broad band characteristics of turbulence. Local maxima of coherence are found at the frequencies of 8, 16, 18, 23, 35, (44), 50 and 125 kHz, corresponding to the peaks of density and potential fluctuation spectra. The phase relation between density and potential fluctuations is shown in Fig. 2b . The phase in the broad band turbulence has a finite value (∼ 0.1π), suggesting that fluctuation in this range should cause a certain amount of turbulence-driven particle flux. On the other hand, the phases at the peak frequencies indicate jumps from the phase of background turbulence which continuously changes as frequency.
The dynamics of the modes can be extracted using numerical filter defined as x(t) = ∞ −∞ w(t − t )x(t )dt with w(t) = (sin 2πf h t − sin 2πf l t)/πt where f h and f l are the cut-off frequencies for higher and lower boundaries, respectively. Figure 3 shows, for an example, the waveforms of density and potential for the sharpest peak at 8 kHz, where the cut off frequencies are chosen as f l = 5 kHz and f h = 10 kHz. The waveform in a long time scale indicates intermittent nature of the mode. The life time of the burst is ∼ 500 µs, corresponding to the width of the peak about ∼ 0.35 kHz (see Fig. 3b ). The inset is an expanded view of the waveform to demonstrate the phase difference between density and potential. The phase between them is seemingly consistent with the result of Fourier analysis (∼ 0.3π), although a slight time-variation in the phase can be seen for the waveform.
As the ratio of the background turbulence to a coherent mode turns larger, it becomes difficult to obtain a definite phase relation between the density and potential fluctuations of the modes due to the contamination of turbulence contribution. Particularly for the coherent mode with a long correlation length, the path integral contribution could disturb the local phase relationship between density and potential fluctuations. For the peak of 125 kHz, the density fluctuation comes from the path integrated contribution, hence, the phase difference between the local density and electric field can be shifted by π to the observed phase. Besides, an attention should be paid on the fact that a statistical analysis simply assuming stationariness of the mode may just give a temporal averaged phase without regard to the intermittent nature of the modes.
Global Characteristics of Fluctuations
Utilizing twin HIBP signals, the coherence between fluctuations at two toroidal locations are calculated in three manners; (1) coherence between potential fluctuations, (2) that between electric field and potential fluctuations, and (3) that between electric field fluctuations. Figure 4 shows the shot-averaged coherences for the above three cases. Note that the plotted coherence values are obtained in a condition that one of the HIBP observation points is varied in a radial extent of ±2 cm around r = 12 cm.
In the first case, the local maxima corresponding to the peaks of the potential spectrum are found to have the highest values among the three cases of coherence. Surprisingly, a long-distance correlation is found even in the highest frequency peak at 125 kHz in potential-potential correlation. In the second case, the coherence at the peaks decrease and some of the peaks are lost in the background level. In particular, the two peaks are clearly distinguished around the frequency of 17 kHz, demonstrating the presence of two different modes in the narrow frequency range. This reduction of the coherence and the disappearance of peaks can be ascribed to the loss of the path integral term, therefore, the degree of reduction may give a rough idea of the radial extent of the mode localization. The complete disappearance of the peak means that the mode of ∼ 125 kHz is localized outside r = 12 cm. Finally, in the third case the four peaks at 8, 16, 18 and 35 kHz can be still recognized although the absolute values of coherence are extremely reduced. The radial extent of these four modes should, therefore, contain the observation point.
A cause of the small coherence between electric fields should be the poor signalto-noise ratio of one of the HIBP signal; about 2/3 for the mode at 8kHz. The Fourier coefficients of the signals are supposed to be expressed as F a = F a0 and F b = F b0 +F noise . Then, the coherence can be written as
, where means the statistical average of ensemble. For the mode at 8 kHz, the corrected coherence can be estimated to be γ c ∼ 0.45 from the experimental result of γ N ∼ 0.3. An increment in the signal-tonoise ratio may provide a significant phase relation between two toroidal locations in electric field fluctuations. Then, the symmetry of the modes can be investigated in local measurements.
Radial Structure of Coherent Modes
The radial structure of the coherent modes can be inferred by varying an observation point shot by shot, with the other observation points being fixed as the reference to correct the variation of the mode intensity between shots. Figure 5 shows the potential fluctuation powers of four modes at 8, 16, 18 and 35 kHz as a function of radius. In the analysis, the fluctuation power is once normalized by the reference, then the normalized value is converted into dimension of power by multiplying the shot-averaged power of the mode for the analysed set of discharges.
Obviously from Fig. 5a , the power of the lowest frequency mode at 8 kHz increases toward the edge, while that of the other higher mode at 35 kHz increase toward the core where the electron temperature is higher. On the other hand, the power profiles at the frequencies of 16 and 18 kHz is shown in Fig. 5b . The power at 16 kHz has a maximum around r = 12 cm, while the other increases toward the plasm core. This difference in the radial profile supports the hypothesis that the fluctuations at these frequencies should be ascribed to the two different modes, as is expected from the spectrum of the local potential fluctuation and the global coherence analysis, though in a quite narrow frequency range.
Discussion and Summary
The coherent modes show eigen-mode characteristics with a long distance correlation in a toroidal location. These characteristics of the modes suggest that the modes could be Magneto-hydro-dynamic (MHD) modes, or GAMs. However, clear coherence is not found between potential and magnetic field fluctuations from Mirnov coils. The tendency that location of modes with higher frequency moves inward to the region of higher temperature should be consistent with dependence of the GAM frequency as the theories expect; i. e., ω GAM ∼ c s /R ∝ √ T e , where c s , R and T e are the ion sound velocity, the major radius and the electron temperature, respectively. However, the following three issues, at least, should be confirmed to definitely verify that some of the modes should be really GAMs; the axi-symmetry (m=n=0) of electric field fluctuation, the asymmetry (m=1/n=0) of density fluctuation, and a significant causal relation of the modes with the background turbulence. Twin HIBP measurements can address these three issues for future experiments. The third point, the causal relation, can be investigated with a help of bicoherence analysis that can reveal three-wave couplings [20] . In summary, the spectrograph of density and potential fluctuations with HIBPs have shown coexistence of almost a dozen of coherent modes in ECR-heated plasma. Several basic characteristics are identified for these modes; well-correlated density and potential fluctuations with the intermittent or time-dependent nature, the radial distribution of the modes, the long-distance correlation in toroidal direction, and eigen mode property. As for some of the significantly coherent modes, the radial distribution shows a tendency that higher frequency modes are placed in a higher temperature regime. The characteristics of the modes are not contradictory with those of GAMs, although complete identification should await future experiments. 
